ABSTRACT Chagas disease is a life-threatening infection caused by a variety of genetically diverse strains of the protozoan parasite Trypanosoma cruzi. The current treatment (benznidazole and nifurtimox) is unsatisfactory, and potential alternatives include inhibitors of sterol 14␣-demethylase (CYP51), the cytochrome P450 enzyme essential for the biosynthesis of sterols in eukaryotes and the major target of clinical and agricultural antifungals. Here we performed a comparative investigation of two protozoon-specific CYP51 inhibitors, VNI and its CYP51 structure-based derivative VFV, in the murine models of infection caused by the Y strain of T. cruzi. The effects of different treatment regimens and drug delivery vehicles were evaluated in animals of both genders, with benznidazole serving as the reference drug. Regardless of the treatment scheme or delivery vehicle, VFV was more potent in both genders, causing a Ͼ99.7% peak parasitemia reduction, while the VNI values varied from 91 to 100%. Treatments with VNI and VFV resulted in 100% animal survival and 0% natural relapse after the end of therapy, though, except for the 120-day treatment schemes with VFV, relapses after three cycles of immunosuppression were observed in each animal group, and quantitative PCR analysis revealed a very light parasite load in the blood samples (sometimes below or near the detection limit, which was 1.5 parasite equivalents/ml). Our studies support further investigations of this class of compounds, including their testing against other T. cruzi strains and in combination with other drugs.
C
hagas disease (CD), or American trypanosomiasis, is a zoonosis caused by multiple strains of the protozoan parasite Trypanosoma cruzi, which are transmitted to more than 150 mammalian species by the triatomine insect vector (kissing bugs). T. cruzi has been infecting humans in South America for at least 9,000 years (1) and was discovered 107 years ago by Carlos Chagas (2) . Although, according to the WHO, the number of infected patients has dropped significantly within the past decades, most likely because of successful vector control programs (3), CD still represents an important public health issue, remaining endemic in 21 Latin American countries (more than 6 million patients, with the largest estimated numbers in Argentina, Brazil, and Mexico [4] ) and spreading outside the area where CD is endemic as a result of human migration (5) (6) (7) . The broadening of the area of the insect vector habitat is particularly alarming in the United States (8) , where kissing bug bites were reported in 43 states; studies in Louisiana (2007) revealed that 30% of armadillos and 38% of opossums were infected, and although no epidemiological study of humans has been performed, some estimates suggest that the number of chagasic patients in the United States is more than 1 million, most of them remaining undetected (6, (9) (10) (11) (12) .
The current therapeutic options for CD are limited to two nitroderivatives, benznidazole (Bz) and nifurtimox. These compounds, however, have several limitations, including serious adverse side effects, which lead to treatment discontinuation in 15 to 30% of patients (10, 13) , lack of efficacy in the later chronic phase of the disease, and the occurrence of several naturally resistant strains of T. cruzi (14) (15) (16) . In both nitroderivatives (as well as the nitroimidazole fexinidazole, which was under recent clinical trial for CD), the nitro group is expected to undergo reductive metabolism catalyzed by parasite nitroreductases, leading to the formation of biologically active species exerting their trypanocidal activity (15) . Because of their toxicity, neither Bz nor nifurtimox is approved by the FDA and therefore they are not sold or prescribed in the United States. Although the possibility of obtaining these drugs from the Centers for Disease Control (parasites@cdc.gov; www.cdc.gov/parasites/chagas) has been reported (10), most physicians appear to be unaware of this option.
Within the past decades, after the parasitological nature of the chronic stage of CD has been confirmed (17) , different alternative therapeutic strategies for the disease have been considered (18) , though only a few new candidates entered clinical trials and the results so far have been quite disappointing. For example, a clinical trial of another nitroderivative, fexinidazole, that was very active in preclinical assays (15) has been stopped and the compound was discarded as a drug candidate because of its severe toxic profile in chagasic patients (19) . The results of clinical trials of two antifungal agents, posaconazole and ravuconazole, have not met expectations. Thus, although treatment with posaconazole revealed a clear dose-dependent effect in the randomized Chagazol trials, only ϳ20% of the patients (versus ϳ60% in the Bz group) were found to be negative by follow-up reverse transcription-PCR assays, though T. cruzi DNA was undetectable in the blood of all of the posaconazole-treated patients during the treatment period (16) . Currently, largely because of its much better safety profile and clear antiparasitic effect in the Chagasol clinical trials, posaconazole is considered for potential use in combination or in sequential therapies (20) . Posaconazole inhibits the fungal sterol 14␣-demethylase (CYP51), the cytochrome P450 enzyme that is required for the production of sterols, which in turn serve as essential components of eukaryotic membranes and regulators of the cell cycle and development (21, 22) . Posaconazole is used as a systemic clinical drug to treat invasive fungal infections, and its repurposing for CD could be highly advantageous (23) . However, the procedure of its synthesis is long and low in yield (24) , making posaconazole very costly.
Recently, we have shown that a potent inhibitor of Tulahuen
, given orally at 25 mg/kg for 30 days, cures Tulahuen T. cruzi infection with 100% efficacy in (BALB/c) mouse models of both acute and chronic CD (26) . VNI is easy to synthesize and nontoxic (25, 27) , has favorable pharmacokinetics (26), and does not upregulate CYP51 gene expression (28) . However, VNI was found to be less potent against infection with the Y strain of T. cruzi (short-term treatment) (29) . Sequencing of the genomic DNA of the Y strain of T. cruzi revealed the presence of two CYP51 genes, gene A (NCBI accession no. JQ434483) and gene B (accession no. JQ434484). While CYP51B was identical to CYP51B in the CL-Brener strain of T. cruzi (NCBI accession number XP_821219.1), CYP51A was found to carry one amino acid sequence variation (P355S) that involves the surface of interaction between the enzyme and its inhibitors. Gene A was expressed in Escherichia coli, and the CYP51A protein was purified and characterized, confirming lower susceptibility to inhibition by VNI, posaconazole, and all of the other compounds tested, except for VFV (30) 
is the CYP51 structure-based VNI derivative designed to fill the deepest portion of the CYP51 substrate binding cavity (Fig. 1) to broaden its spectrum of activity. Similar to VNI, VFV was proven to be 100% efficient in curing Tulahuen T. cruzi infection and displayed higher potency than VNI in a mouse model of visceral leishmaniasis (31) . In this study, we compared the effects of VNI and VFV in mouse models of infection with the Y strain of T. cruzi by using both genders (32) , different drug delivery vehicles, and different treatment schemes.
RESULTS
The rapid acute toxicity assay in vivo (48 h after administration per os) demonstrated a low toxicity profile of VFV (no-observed-adverse-effect level [NOAEL] of 200 mg/kg), with no detectable side effects assayed by clinical observation (animal behavior and body weight analysis) and biochemical plasma measurements ( Table 1 ). The comparative testing of VNI and VFV in the mouse models of infection with the Y strain of T. cruzi was performed by using both genders, different drug delivery vehicles, and different treatment schemes (Table 2 ). Both genders were included in the experiments because male mice infected with the Y strain of T. cruzi display about 2-fold greater parasite loads at the peak of parasitemia (which corresponds to day 8 after infection with the Y strain of T. cruzi in this experimental mouse model) and appeared to be more suitable for screening of antiparasitic compounds (32) . Indeed, VNI, particularly if the treatment was started 5 days postinfection (dpi) (3 days before peak parasitemia), caused a Ͼ91% peak parasitemia reduction in all male mouse groups versus a Ͼ99% peak parasitemia reduction in the female mouse groups (Table 2) . Interestingly, although it is well known that CYP51 inhibitors have a relatively slower mode of action (since several cycles of pathogen multiplication are necessary to exhaust the preexisting resource of cellular sterols), the suppressive effect of VFV was Ͼ99.8% in both genders even when the treatment was started 5 dpi and reached 100% if the treatment was started 24 h after infection (Table 2) . No drastic alterations in the course of parasitemia or mortality rates were observed during the use of different drug delivery vehicles in these experiments, but dimethyl sulfoxide and gum arabic (DGA) resulted in greater parasite loads measured by realtime quantitative PCR (qPCR) assay of the blood of VNI-treated male animals ( Fig. 2 and  3A) . In this male mouse model, all three formulations of VFV produced a 99.9% peak parasitemia decline, though for VNI, DGA appeared to be slightly weaker (91% peak parasitemia suppression versus 94% and 93.4% for hydroxypropyl-␤-cyclodextrin (HPCD) and 5% DGA plus 0.5% Tween 80 (DGAT), respectively ( Table 2 and Fig. 2A ), all three being more efficient than when VNI was added from 10% DMSO alone (see Fig.  4 in reference 29). Because of the weaker effect of VNI in DGA, only DGAT and HPCD formulations were tested in the female mouse model.
All of the treatment schemes used protected against animal death, and there was no natural relapse of parasitemia after completion of the 30-day therapies. However, after a 1-month waiting period, when the animals were immunosuppressed with 12 injec- tions of cyclophosphamide (Cy), most of them relapsed and the presence of parasite DNA was confirmed by qPCR analysis of blood samples (Fig. 3A) . Although it is impossible to draw any solid conclusions because of the high variability of the qPCR data (quite expected, as outbred animal models were used), but the qPCR results suggest that in the case of the treatments with VNI (opposite to its effects on peak parasitemia suppression), there was no major decrease in the parasite burden when the treatment was started 1 versus 5 dpi, while in the case of VFV, the early treatment scheme appears to be more beneficial (at least in the female model) (Fig. 3A) . In the hope that longer drug exposure would produce better outcomes, the treatment period was extended to 120 days (HPCD vehicle, starting at 5 dpi, both genders). All of the animals survived the treatment and showed no natural relapse after the completion of therapy, and in both VFV-treated groups (males and females), no relapses after immunosuppression were detected by light microscopy, while in the VNI-treated groups, four out of five males and one out of five females still relapsed (Table 2 and Fig. 3B ). qPCR analysis, however, still displayed residual traces of parasite DNA in blood samples, 2.2 Ϯ 3.6 parasite equivalents/ml for VFV-treated males and 0.94 Ϯ 0.49 parasite equivalents/ml for VFV-treated females (Fig. 3B ). Quite peculiarly, in the blood samples of VNI-treated animals (where the presence of the parasite was detected by light microscopy [see above]), qPCR assays revealed lighter loads of T. cruzi DNA (0.001 Ϯ 0 parasite equivalents/ml in males and 0.095 Ϯ 0.14 parasite equivalents/ml in females). Overall, all of the values determined by qPCR after the 120-day therapies were below or near the 
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April limit of parasite detection (1.5 parasite equivalents/ml). The statistical analysis only demonstrated a significant difference in the amount of parasite DNA when females were treated for 120 days with VFV compared to VNI (P ϭ 0.02). Treatment of mice (both genders) with Bz for 120 days resulted in no qPCR amplification in any of the mice tested.
DISCUSSION
The fact that Bz will now have a much broader use in the treatment of CD is, overall, highly positive. However, we tend to agree with the notion (13, 20, 33) that searches for new drugs should not be discouraged and less toxic alternatives for chagasic patients must still be considered, especially regarding the combination approach of two drugs targeting different mechanisms. CYP51 inhibitors remain one of them, because unlike Bz (or any nitroderivatives), whose very mode of action is based mainly on the generation of toxic nitroreduction intermediates, CYP51 inhibitors are potentially much less harmful, as they act selectively. Thus, although negative follow-up PCR results after the Chagazol clinical trials were achieved in only 20% of the posaconazole-treated patients, none of the patients had to discontinue therapy because of adverse side effects, which was not the case for the Bz-treated group (16) . Longer treatment periods and greater doses of posaconazole were recommended (16) , and variability of the T. cruzi population was suggested as a possible reason for the poor treatment outcomes (13, 20) .
It is well known that there are more than 70 different strains of T. cruzi (see http://www.dbbm.fiocruz.br/TcruziDB/strain.html). Depending on the strain, the infection varies in its progression (the times of onset and peak parasitemia), the severity of the acute stage, tissue tropism, and chronic symptoms (cardiac versus gastrointestinal), etc. Some of the T. cruzi strains, including Y, CL, and Colombiana, similar to filamentous fungi (34) , have been found to carry two CYP51 genes (29, 30) , and the high CYP51 sequence variability across the strains suggests that they should really be regarded as different species (30) .
The results of the present study confirm that infection with the Y strain of T. cruzi is less susceptible to treatment with CYP51 inhibitors than is infection with the Tulahuen strain (26) and show that although VFV is more potent than VNI in killing the parasite at the peak of infection (Ͼ99% versus Ͼ91% peak parasitemia reduction), a much longer treatment period is required to prevent a relapse of parasitemia after immunosuppression. One more possible reason for the various susceptibilities of T. cruzi strains to CYP51 inhibitors may be connected to the differences in the propensity of parasites to form metabolically quiescent amastigotes (20) . Hidden within different organs and tissues to evade the host immune system, these dormant forms cannot be targeted efficiently by CYP51 inhibitors because, as is well known in mycology, CYP51 inhibitors act largely on metabolically active cells that require a permanent supply of newly synthesized sterols to build their membranes and regulate intracellular processes. In a similar sense, if these supposedly latent intracellular forms could more likely be trypomastigotes and as CYP51 inhibitors have less of an effect on these nonproliferative forms, this could also result in different outcomes with different parasite strains.
Studies including infections with a broader variety of T. cruzi strains, testing greater dosages of VNI and VFV (e.g., 50 mg/kg), and perhaps the use of mild immunosuppression during the treatment period (as was done in the case of successful treatment of immunosuppressed chronic human CD with posaconazole [35] ) should provide useful information on the prospective treatment of CD. In the meantime, combination therapy appears to be the most obvious step to proceed because, since it is by now quite clear that a decrease in the parasite burden leads to a significant reduction in the development of the symptomatic chronic form of CD (13) . CYP51 inhibitors would definitely fulfill this function and besides, given in combination with Bz, they should allow lowering of the Bz dosage and shortening of the therapy period, which, in turn, may decrease the severity of side effects.
MATERIALS AND METHODS
Compounds. VNI and VFV were synthesized at Vanderbilt University as described previously (27) . For in vivo analysis, the compounds were diluted with three different vehicles, (i) 20% HPCD (CTD, Inc., USA) (36), (ii) 10% DMSO and 5% DGA (as reported in reference 29 for Colombiana T. cruzi infection), and (iii) 5% DMSO and DGAT (26) . Cy (Genuxal) was purchased from Baxter Oncology (Frankfurt, Germany) and prepared in sterile distilled water (32) . Bz was purchased from Laboratório Farmacêutico do Estado de Pernambuco, LAFEPE, Brazil, and dissolved in sterile distilled water supplemented with 3% Tween 80 as described previously (32) .
Parasites. Bloodstream trypomastigotes (BTs) of the Y strain (discrete typing unit II) of T. cruzi were obtained from the blood of infected male Swiss mice at the peak of parasitemia (37) . Immediately after the purification step, the parasites were resuspended in RPMI 1640 medium (pH 7.2 to 7.4) without phenol red (Gibco BRL) and supplemented with 10% fetal bovine serum and 2 mM glutamine as reported previously (38) .
In vivo acute toxicity. To determine the NOAEL, increasing doses of the test compounds (up to 200 mg/kg of body weight) were injected by the intraperitoneal (i.p.) route individually into female Swiss Webster mice (20 to 23 g, two per assay, two assays). Treated animals were inspected for toxic and subtoxic symptoms according to the Organization for Economic Cooperation and Development guidelines. Forty-eight hours after compound injection, the NOAELs were determined as reported previously (27) .
Biochemical analysis. Forty-eight hours after compound administration, mouse blood was collected and immediately submitted to biochemical analysis for determination of plasma tissue markers, including, alanine aminotransferase (ALT), aspartate aminotransferase (AST), and creatine kinase (CK), which was performed at the animal facilities of the Oswaldo Cruz Foundation (Rio de Janeiro, Brazil, CECAL/ Fiocruz platform) with Vitros 250 (Ortho Clinical-Johnson & Johnson) as reported previously (27) .
In vivo infection. Female and male Swiss Webster mice (18 to 20 g) were obtained from the Fundação Oswaldo Cruz (FIOCRUZ) animal facilities (CECAL/FIOCRUZ, Rio de Janeiro, Brazil). Mice were housed at a maximum of five per cage and kept in a conventional room at 20 to 24°C under a 12-h light-12-h dark cycle. The animals were provided with sterilized water and chow ad libitum. Infection was performed by i.p. injection of 10 4 BTs of the Y strain. Age-matched uninfected mice were maintained under identical conditions (29) .
Treatment schemes. The animals (female and male) were divided into the following groups (five animals per group): uninfected (uninfected and nontreated), untreated (infected but treated only with each respective vehicle), and treated (infected and treated with the test compounds). Therapy, given orally (VNI and VFV at 25 mg/kg/day twice a day [bid] and Bz at 100 mg/kg/day once a day), was performed starting at 1 or 5 dpi. For the 5-dpi treatment schemes, only mice with positive parasitemia were used in the infected groups.
Parasitemia and mortality rates. Parasitemia was individually checked by direct microscopic counting of parasites in 5 l of blood, and mortality rates were checked daily until 30 days posttreatment and expressed as percent cumulative mortality as described before (32) .
Immunosuppression. Mice that presented consistent negative parasitemia up to 30 days posttreatment were submitted to three cycles of immunosuppression with Cy (50 mg/kg/day), with each cycle including 4 consecutive days of Cy administration (i.p.) and a 3-day interval (32) .
Cure assessment. Cure assessment criteria were based on negative blood parasitemia observed by light microscopy, and blood samples from consistently negative mice were subjected to real-time qPCR. For qPCR, 500 l of blood was diluted 1:2 in a volume of guanidine solution (6 M guanidine-HCl, 0.2 M EDTA) and heated for 90 s in boiling water. Guanidine-EDTA blood (GEB) samples were processed with the QIAamp DNA minikit (Qiagen) as previously described (39) . Multiplex real-time qPCR assays targeting the T. cruzi satellite nuclear DNA and the exogenous internal amplification control (plasmid pZErO-2 containing an insert from the Arabidopsis thaliana aquaporin gene, 40 amplification cycles) were performed as previously described (40) . The standard curves for absolute quantification were constructed with 1/10 serial dilutions of total DNA obtained from a negative GEB sample spiked with 10 5 parasite (Y strain) equivalents/ml of blood.
Ethics. All procedures were carried out in accordance with the guidelines established by the FIOCRUZ Committee of Ethics for the Use of Animals (CEUA LW16/14).
Statistical analysis. The data represent means Ϯ standard deviations from two experiments run in duplicate, and statistical analysis was performed by analysis of variance with the level of significance set at P Յ 0.05 (40) .
